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Abstract

Balanced immune regulation is crucial for recognizing an invading pathogen, its
killing, and elimination. Toll-like receptors (TLRs) are the key regulators of the innate
immune system. It helps in identifying between self and nonself-molecule and
eventually eliminates the nonself. Endosomal TLR, mainly TLR3, TLR7, TLR8, and
membrane-bound TLR4, has a role in the induction of cytokine storms. TLR7/8
recognizes the ssSRNA SARS-COV-2 and when it replicates to dsRNA, it is recognized
by TLR3 and drives the TRIF-mediated inflammatory signaling like NF-kB, MAPK.
Such signaling leads to significant transcription and translation of pro-inflammatory
genes, releasing inflammatory molecules into the systemic circulation, causing an
imbalance in the system. So, whenever an imbalance occurs, a surge in the pro-
inflammatory mediators is observed in the blood, including cytokines like interleukin
(IL)-2, IL-4, IL-6, IL-1B, IL-8, interferon (IFN)-y, tumor necrosis factor (TNF)-a. IL-6
and IL-1B are one of the driving factors for bringing the cytokine storm into the

systemic circulation, which migrates into the other organs, causing multiple organ
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1 | INTRODUCTION

A pandemic and millions of deaths; though not as simple as it sounds.
People are vexed by queries like, “Is our immune system not fighting
enough with this guest organism? How is it transmitting in such a
mass population? Most importantly, how is the virus so potent as to
spread into other organs besides the lungs, causing tissue damage,
and rendering multiorgan failure, driving the severely ill patient to
death? Severe acute respiratory syndrome coronavirus 2 (SARS-
COV-2) has been found as the causative agent for the COVID-19
outbreak.! The virus differs from that of SARS-COV and the Middle
East respiratory syndrome (MERS). Influenced by its crown-like ap-
pearance, the virus has been named “coronavirus.”” The virus has
powerful transmissibility and the infection spreads from the cough or
sneeze of the infected individual through respiratory droplets >5 um
in diameter within 1-m distance; or by the nucleic acid of the virus

failures leading to the death of the individual with severe illness.

COVID-19, cytokines, multiple-organ failure, SARS-COV-2, ssRNA, TLRs

<5 um in diameter that remain in the air for a longer period of time.®
The viral life cycle and its replication begin after its incorporation into
angiotensin-converting enzyme-2 (ACE2) receptors present in the
epithelium of oral mucosa, lung, heart, kidney, and so forth. ACE2
receptors are highly expressed in adults than that in children, as the
expression of ACE2 increases with age.* ACE2 expression also varies
between genders.” However, World Health Organization (WHO) has
reported multiple inflammatory syndromes in children (MIS-C) and
adolescents (between 1 and 19 years of age), infected with
SARS-COV-2.° The typical symptoms of a SARS-COV-2 infected in-
dividual includes fever, fatigue, dry cough, dysgeusia, which may
proceed with gastric distress in some patients like vomiting and
diarrhea. The defensive mechanism in SARS-COV-2 involves both
adaptive and innate immunity. The serum analysis of symptomatic
patients reveals an excessively high level of cytokines like interferon
(IFN)-y, tumor necrosis factor (TNF)-a, interleukin (IL)-2, IL-4, IL-6,
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IL-8, IL-1B, and so forth. Characterized as “cytokine storm” that may
have occurred due to an imbalanced immune system.”® The cytokine
storm is also considered to be one of the main reasons for extra-
pulmonary organ failure, which fully contributes to disease severity
and mortality of the severely infected patients.

2 | ROLE OF TLRS IN COVID-19

2.1 | Toll-like receptors (TLRs)

TLRs are the central regulators of the immune system and belong to a
class of pathogen-recognition receptors (PRR). The invading patho-
gens are recognized initially by the innate immune system by sensing
their pathogen-associated molecular pattern (PAMP) with PRR.
Macrophage, monocyte, and dendritic cells (DCs) express PRR either
on their surface or inside the cell depending on the type of invading
pathogens.” Viral PAMP are recognized by their genomic materials’
nucleic acid by the cell surface or cytosolic PRR.2° TLRs are a class of
membrane PRR that detect the microbes on the cell surface as well as
in the cytoplasm. These receptors detect both the DNA as well as
RNA of the invading pathogen. Each TLR is composed of leucine-rich
repeats (LRR) ectodomain, a transmembrane domain, and a cyto-
plasmic domain, through which it mediates the downstream signal-
ng.*! A total of 11 types of TLRs have been found in human beings,
among those some are membrane-bound and some are intracellular
receptors. TLR3, TLR7, TLR8, TLR9 are endosomal in nature.’?'®
These are expressed in alveolar and bronchial epithelial cells, whereas
TLR2, TLR4, TLRé are restricted to the cellular membrane. The TLRs
can also be classified based on detecting PAMP. TLR4 detects gly-
coprotein, TLR7 and TLR8 detects viral single-stranded ribonucleic
acid (ssRNA), TLR3 detects viral double-stranded RNA (dsRNA), while
TLRY detects viral deoxyribonucleic acid (DNA).** The known re-
cognition of genetic material of SARS-COV-2 (i.e., ssRNA) occurs
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through TLR4, TLR7, or TLR8. Interaction of TLRs with PAMP sti-
mulates NF-kB and IFN regulatory factor (IRF) leading to the pro-
duction of Type | IFN, which activates the adaptive immune

responses considered as the main antiviral response.’”

2.2 | TLR4 receptor

TLR4 is a membrane receptor that regulates the inflammatory re-
sponse by recognizing PAMP as well as DAMP. TLR4 remains at-
tached to alveolar cells and bronchial epithelial cells in the lungs.
TLR4 is widely known for its function in recognizing bacterial LPS but
their association in SARS-COV-2 pathogenesis has been found as
well. SARS-COV-2 bind with TLR4 and activate transcription factors
like AP-1, NF-kB, and IRF. TLR4 was also found to regulate IL-6 via
NF-kB. Some researchers have found oxidized phospholipid (OxPL)
mediated TLR4 response in SARS-COV-1 infection resulting in cy-
tokine production and lung injury.’® A few other research studies
have found the involvement of TLR4 in SARS-COV-2 through mo-
lecular docking study revealing the interaction between spike protein
and cell surface TLRs. The binding interaction of spike protein and
TLR1, TLR4, TLRé is found significant with the respective binding
energy of -57.3, -120.3, and -68.4.">'° The interaction of spike
protein of SARS-COV-2 with TLR4 was found to be the highest than
other TLRs. However, the reason behind such strong recognition of
TLR4 by SARS-COV-2 having ssRNA was not found. SARS-COV-2
should be recognized by endosomal TLR7 and TLR8 because it has
ssRNA; however, due to the concept that immune response always
happens on the basis of host-viral interaction, it interacts with cell
surface stimulating the downstream pro-inflammatory signaling.” TLR
mediate their function by two pathways MyD88 and toll/IL-1 re-
ceptor/resistance  protein domain-containing  adapter-inducing
interferon-B (TRIF)-dependent and MyD88 and TRIF-independent
pathways (Figure 1). TLR4 mediates through both the MyD88 and
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FIGURE 1 Endothelial cells are loaded
with ACE2 receptors and their density
depends on the tissue/organ in which they are
present. The interaction of ACE2 with SARS-
COV-2 may mediate the viral entry. Toll-like

TRIF
1 receptor 4 (TLR4) is a cell-surface receptor,
whereas TLR3, TLR7, TLR8 are endosomal.
?“' TLR4 will induce JAK/STAT, NF-kB

inflammatory signaling, whereas endosomal
TLRs also induce similar inflammatory
signaling via different adapter molecules. For
example, TLR7/8 via MyD88 and TLR3 via
TRIF adapter molecule (TRAM)
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TRIF pathways, TLR3 signals through TRIF, and all the other TLRs
mediate through the MyD88 pathway. Activation of MyD88 leads to
activation of type-1 IFN responses and increases the expression of
pro-inflammatory cytokine. Both the pathways contribute to the

augmented cytokine in body, directly or indirectly.**” %7

2.3 | TLR7/8 receptor

The virus may get recognition by endosomal-located TLR7 and
activate the MyD88-dependent MAPK - NF-kB pathway leading to
the production of TNF-aq, ILs, especially IL-6. The level of IL-6 is
found to be significantly elevated in the serum of SARS-COV-2
patients during cytokine storms. % |L-6 inactivates cell-mediated
antiviral response by inhibiting the expression of cytotoxic T-cells,
SOCS-3 signaling, and increase in expression of PD-1 cells.”"
However, the recognition of the ssRNA fragments in SARS-COV-2
by TLR7/8 has also been reported.’® TLR7 and TLR8 are con-
sidered phylogenetically and structurally similar, but different
TLR7 and TLR8 agonists produce different types of cytokines.
The elevated level of pro-inflammatory cytokines is also found to
be mediated by TLR8, proved by bioinformatic analysis.**?? On the
other hand, a few genetic studies have shown a decrease in the
level of Type | and Type Il IFN and IRF-7,%? via missense variant of

TLR7 particularly in male patients.?®

24 | TLR 9 receptor

TLR9 receptors are abundantly expressed on epithelial cells of lungs
and nasal mucosa, brain cells, and immune cells. It senses RNA and
DNA rich in unmethylated cytosine-phosphate-guanine (CpG) se-
guence. Some viruses as well as human mitochondrial DNA are rich
with such motifs, which trigger inflammatory responses via TLR9
receptor-mediated infection.”* The expression of TLR9 may increase
due to predisposition of genetic factors, gender, and carboxy-alkyl-
pyrrole protein adducts (CAPs)—mainly released by damaged host
cells in response to oxidative stress and known to induce TLR9/
Myd88 pathway.'®?* CAP is responsible for platelet activation and
its promotion, granule secretion, and thrombosis in-vivo. TLRY drives
the release of several pro-inflammatory cytokines such as IL-6, IL-1B,
IL-10, IL-17, TNF-q, type-l IFN and may lead to cytokine storm and
thrombotic complications.?*

However, other TLRs like TLR3 have been reported to impart
protective function in SARS-COV-2 infection. Mice having TLR3 gene
regulates TRIF-mediated downstream signaling of the interferon-
stimulated gene (ISG) as a defensive mechanism against SARS-COV
infection, whereas mice having TLR3”~ gene are much prone to the
SARS-COV infection and suffered weight loss and display increased
mortality rate. Thus, it was concluded that lacking a TLR3 gene does
not render the mice to SARS-COV infection, but the absence of TRIF-
mediated adaptor molecules (TRAM) signaling renders the mice
susceptible to SARS-COV infection.?”

MEDICAL VIROLOGY

3 | ROLE OF TLR IN CYTOKINE STORM
INDUCTION

The innate immune system identifies the antigen-presenting cells (APC)
by recognizing their PAMP. The cells derived from myeloid plays an
important role in the immune system including macrophage and
monocyte. Macrophages express TLRs, which recognize the invading
virus by their nucleic acid pattern (ssRNA). These TLRs include TLR4,
TLR7, TLR8, TLRY; however, no specific TLRs have been identified in
SARS-COV-2 pathogenesis yet.'%? The binding of TLRs occurs with
the virus and may lead to the activation of NF-kB and MAPK signaling
pathways to facilitate viral clearance and produce antiviral responses. To
enhance the pathogen elimination, the TLRs also initiate the process of
phagocytosis, cytokine release, and various other mediators in order to
amplify the local anti-inflammatory processes as a part of immune
regulation.'>'*?® The adaptive response shows a fine recognition of
virus through T-cell receptors, which are of two types, cytotoxic T-cells
and T-helper cells. The cytotoxic T-cells kill the APC directly and sti-
mulate the local inflammatory processes by inducing the differentiation
of T-helper cells recruiting IFN-y and pro-inflammatory cytokines.?” The
significant enormous release of pro-inflammatory cytokines during such
immune dysregulation is considered to be one of the main reasons for
the COVID-19 pathogenesis leading to cytokine storm and organ fail-
ure.”> The ssRNA of SARS-COV-2 also acts as PAMP for the TLR7
receptors, expressed in the endosomes of monocyte-macrophages and
DCs. When the viral ssRNA replicates to form dsRNA, it is recognized by
endosomal TLR3. The TLR7-mediated recognition proceeds through the
activation of the JAK/STAT signaling pathway. This may further lead to
activation of NF-kB, activator protein-1 (AP-1), IRF3, IRF7, which ulti-
mately results in amplification of pro-inflammatory cytokines like IL-1,
IL-6, IL-8, TNF-a, Type-1 IFN responses. The damage-associated mo-
lecular pattern (DAMP) is sensed by Nod-like receptors (NLR), which are
present in the cytosol of immune cells. Ligation of DAMP with NLRs
triggers the release of the inflammasome.”® These inflammasome are
responsible for the conversion of procaspase-| to active caspase-I, which
in turn activate pro-IL-1p into IL-1pB (Figure 2). This activates a process
of cell pyroptosis. IL-1pB is the main activator of IL-6 and contributes to
the aggravation of cytokine storms.'>2? %1

TLRs are solely responsible for mediating innate immune signal-
ing. It is no wonder that blocking of TLR could suppress IFN-related
signaling, which could possibly increase the viral load, but in cases of
preexisting chronic autoimmune diseases, where the immunity sys-
tem is hyperactive like cancer, SLE, rheumatoid arthritis, and so
forth,” TLR7, 8, 9 antagonists may prove to show their benefits. As
SARS-COV-2 targets TLR3, 4, 7, 8, 9 receptors to enter the host
system, hence TLR blockers may prove to be beneficial in this deadly
infection.?. There are some drugs like hydroxychloroquine under
Phase Il clinical trial (NCT04448756) that has shown the endosomal
TLR signaling (TLR3, 7, 8, 9) inhibition, which possibly could delimit
the viral entry into the host; whereas M5049 developed by Merck,
Germany, is under Phase Il trial have also shown the inhibition of
TLR7 and TLR8 by recognizing the genomic RNA of invading virus.>?
Hence, by scrutinizing both the limitations as well as the benefits of
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FIGURE 2 NF-kB activation occurs due to toll-like receptor (TLR)-mediated inflammation results in DAMP production. The ligation of the
DAMP with nod-like receptor (NLR) produces inflammasomes, which activate the pro-caspase | into active caspase |, ultimately activating

interleukin (IL)-1B

: cardiac injury, FIGURE 3 The cytokine storm originates
S, accute coronary in the lungs and is released into the
N )“_ yndrome
-6‘-:,“? : = bloodstream. After it reaches the systemic
SARS-COv-2 ¢ ® . circulation, it produces hyperinflammation and
A5, |L_~|p . . o
§v4‘.§.-. ° | T T !mparjcs damage Fo the wta! organs. In .crltlcally
- ° -2 4, — ‘ ill patients such inflammation spread into
Bl

various other organs as well, may cause
multiple organ failure

Trouble breathing,
ARDS

Nausea, vomiting,
diarrhoea

TLR blockers, it can be said that it may not be a fruitful approach to
completely block all TLRs nonspecifically. Specific targeting of TLR
receptors, the treatment period, and the dose of TLR antagonists
need to be optimized so that they must be efficient enough in re-
ducing the release of inflammatory mediators thus mediating the
cytokine storm effect in COVID-19 patients. However, the basal
activity of TLRs should also be maintained for the regulation of the

immune homeostasis and prevention of opportunistic infections.>***

4 | MULTIORGAN FAILURE

The population severely infected with SARS-COV-2 also suffered
through extrapulmonary organ damage and organ failure, ultimately
leading to death. Some comorbid risk factors such as coronary heart
disease, hypertension, diabetes, kidney infection, and so forth. highly
contributed to the death of the patients during COVID-19.*® SARS-
COV-2 damages the pulmonary tissue and induce high levels of cyto-
kines and chemokines that are released into the systemic circulation and
migrate to the other vital organs like the kidney, pancreas, liver, heart

and even brain, leading to damage to multiple organs (Figure 3).

4.1 | ACE2 polymorphism in multiorgan failure

One of the main mechanisms of such multiorgan damage is postu-
lated as ACE2 polymorphism.***> ACE2 is normally present in both

Type 1 and Type 2 alveolar cells in lungs, epithelial cells of the oral
mucosa, peripheral myocytes in cardiac cells, pancreas, enterocytes
of the small intestine and are highly expressed on hemopoietic cells,
also in monocytes and macrophages.®® ¢ ACE2 acts as the port of
entry of ssRNA virus into the human and plays a protective me-
chanism under free concentration. There a certain kind of pattern can
be seen in SARS-COV-2 infection, be its high transmissibility, or its
higher risk of infection in a certain population and rendering to
multiorgan damage. The high transmissibility of SARS-COV-2 may be
due to two reasons>¢°%3%: first, due to the high binding of SARS-
COV-2 with ACE2 receptor in host cells, which was not observed
earlier; and second, the presence of four amino acid residues be-
tween two subunits of spike protein (S): S1 and S2, which leads to the
introduction of a novel “furin cleavage site.” The exact function of
this cleavage site is yet to be known, but due to the expression of the
furin proteases, it facilitates the processing of the spike protein
subunit, which activates the binding of SARS-COV-2 with the ACE2
receptor.435 These two reasons have a major impact on the expan-
sion of SARS-COV-2 in other tissue or organ contributing to organ
damage. Also, multiple organ failure has been observed in male pa-
tients more widely than that of females, particularly in aged in-
dividuals. This is because ACE2 is encoded by a gene expression on
X-chromosomes. Females possess a pair of X-chromosomes; hence a
much stronger immune mechanism is found in them, even if one of
the X-chromosomes stays inactivated. The expression of TLR7 is also
higher in females, providing them antiviral response by producing a
large amount of antibodies by TLR7, as a result of which they possess
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a much stronger immunity than males, and can fight against single-
stranded SARS-COV-2.”> However, due to a single X-chromosomes
male are more prone to the ssRNA SARS-COV-2. In a recent study
through single-cell analysis, it has been found that Asian men have
higher expression of ACE2 receptors in the lungs than women, hence
making them more prone to SARS-COV-2 infection and disease se-
verity. The expression of ACE2 increases with age, which is one of
the possibilities why old people are more affected than young peo-
ple.”> However, a case report presented a frequent visitor young man
of China seafood market, who was found to be severely affected by
SARS-COV-2 infection and suffered multiple organ damage.*® The
patient was a nonsmoker and had no history of any chronic disease.

4.2 | Acute respiratory distress syndrome (ARDS)
ARDS is one of the most common and serious complications of SARS-
COV-2 infections. The severity of patients with pulmonary infection
increased with increased TLR4 signaling on the endothelial mem-
brane.’>*” Upon entry of the virus, it is recognized by TLR, which
initiates the intracellular inflammation signaling either by MyD88 or
TRIF depending upon the specific type of TLR recognition, resulting
in activation of transcription factors like NF-kB and IRFs. All these
results in release of the pro-inflammatory cytokines in the lungs such
as IL-1, IL-8, IL-6, IL-12, IFN-y, and chemokines like CXCL-9, CXCL-
10, CCL-2, CCL-5. These pro-inflammatory mediators have been
found in a detectable quantity in the serum of the severely infected
patient. When these inflammatory molecules are released into the
systemic circulation via alveolar wall injury, it migrates to other tis-
sues and causes systemic inflammation.**"**> Apart from the hyper-
immune response, there are some other molecular mechanisms that
fully contribute to the inflammation and lung injury in a SARS-COV-2
infected patient such as endothelial dysfunction, intravascular coa-
gulopathy, thrombosis ultimately hypoxemia.**

The renin-angiotensin-system (RAS) and its receptor, ACE2 are
highly correlated with invasion and initiation of inflammation asso-
ciated with COVID-19 in the lungs.** Angiotensin | (Ang I) is an
inactive peptide that gets activated to Ang Il by ACE activity. Ang Il a
potent vasoconstrictor, has an important role in maintaining blood
pressure and in cell proliferation by mediating the release of pro-
inflammatory cytokines. Ang Il gets converted to Ang (1-7) by
ACE2.* Under normal circumstances, Ang Il directly binds to the
NF-kB and expresses inflammatory cytokines; whereas Ang (1-7)
maintains the anti-inflammatory response by upregulation of P13K/
Akt and ERK signaling. But due to the binding of SARS-COV-2 with
ACE2 receptors, the free concentration of ACE2 decreases, and as a
result, Ang Il will not get converted into Ang (1-7) leading to the
accumulation of Ang Il. This may further augment inflammation and
pulmonary injury.*>*°

Endothelial dysfunction is a result of cytokine storm, which ac-
tivates the complement cascade, increasing vascular permeability and
vasculitis. Due to the wide expression of ACE2 receptors on the
endothelial cell surface, the virus entry into the host becomes easier.

MEDICAL VIROLOGY

The complement activation is a defensive mechanism and will take
place via the lectin pathway and followed by the classical pathway,
resulting in the accumulation of complement 3b (C3b), which triggers
the formation of C5 and its product C5a to C5b-9.%¢ Apart from
inducing vascular inflammation, C5a and C5b-9 promote thrombo-
modulin loss, P-selectin exocytosis and von-Willebrand factor trig-
gering coagulation cascade. This may further result in vascular injury
and platelet aggregation.”® In a postmortem autopsy studies of
COVID-19 patient (n = 7), a higher deposition of platelet in the lung
and heart vessels have been demonstrated. Several biomarkers have
been identified for the ARDS exclusively, including pro-inflammatory
cytokines (IL-6, IL-8), TNF-a, surface protein-D, von-Willebrand
factor antigen, plasminogen-activator inhibitor-1, which were found
significantly elevated in the critically ill COVID-patients.®>*” 47

The induction of hypoxemia is a secondary response to ARDS
but equally contributes to pulmonary inflammation, it causes the
upregulation of hypoxia-inducible factor-1a (HIF-1a), vascular ad-
hesion molecule-1 (VCAM), and other adhesion molecules, increasing
the adhesiveness of leukocytes and endothelial cells.?*>*>%* This
phenomenon not only causes the infiltration of inflammatory mole-
cules and amplifies their response, but also may lead to upregulation

of TLR4 signaling pathway.

4.3 | TLR-induced cardiac disease
Severe cases of COVID-19 may cause cardiovascular disorders like
myocardial injury, acute coronary syndrome, thromboembolism, car-
diac failure.>® The cardiac symptoms could be a clinical symptom for
the patients who are not showing the symptoms of SARS-COV-2
infection like dry cough and fever. Cardiac pericytes have a higher
expression of ACE2 than cardiomyocytes.®>> Cardiac pericytes are
responsible for endothelial stability, binding of SARS-COV-2 causes
endothelial dysfunction and results in microcirculatory disorders.
Hence, despite low expression of ACE2, the patient suffers cardiac
injury. Patients with a history of cardiac failure have highly expressed
ACE2, hence are more susceptible to cardiac injury.>*->°

TLR4 is expressed on cardiomyocytes, fibroblasts, and macro-
phages. Among all the TLRs, TLR4 is the most widely expressed on
cardiomyocytes.>®> An association between TLR4 and Ang Il is known
to exist. Ang Il is found to mediate vascular dysfunction through
TLR4. SARS-COV-2 downregulates the ACE2 receptor, which de-
creases the conversion of ACE2 into Ang (1-7). Ang (1-7) has effi-
cacy in opposing pro-inflammatory, profibrotic, vasoconstriction
activity, and its decreased level results in exaggeration of the cyto-
kine storm.”’ TLR4 is also associated with high blood pressure in
several models depicting hypertension. The pro-inflammatory re-
sponse to Ang Il has been mediated by TLR7/8/9 in response to the
exogenous ligand in spontaneously hypertensive rats. TLR9Y is con-
sidered as a negative regulator for cardiac vagal tone as well as for
baroreflex function, activation of TLR9 results in the increment in
blood pressure and vascular dysfunction in a normotensive rat.*®
Hence, TLRY activation through SARS-COV-2 may result in vascular
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dysfunction. TLR activation was also found to mediate calcium
homeostasis in cells.”* Activation of TLR4, TLR7, TLR9 in macro-
phages increases the calcium efflux and activates the calcium cal-
modulin protein kinase. The calcium calmodulin protein kinase
releases a large amount of pro-inflammatory cytokines and IFNs by
both MyD88 and TRIF-mediated pathways. TLR4 is shown to have a
synergistic effect in the augmented efflux of calcium resulting in a
decreased level of sarcoplasmic storage of calcium level, eventually
decreasing the cardiac contractility. This effect has a direct relation
with hypertension and vascular dysfunction, of which both factors

contribute to organ damage.’?'¢

4.4 | TLR-mediated kidney injury

ACE2 are highly expressed on proximal convoluted tubule (PCT), and
absent in glomerular endothelial cells of the kidney. The direct effect
of viral entry causing acute kidney injury (AKI) has not been evi-
denced yet. AKI has been seen widely in patients with ARDS sug-

gesting lung-kidney crosstalk postinfection.?®>?

The possible
mechanism was described as hemodynamic effect, hypoxemia, and
hyperinflammation associated with ARDS. AKI may increase the le-
vels of inflammatory cytokines production, especially IL-6, and de-
crease their clearance. IL-6 causes infiltration of neutrophils and
macrophages, which increases lung permeability.>”> The viral entry
showed the activation of the complement system in the kidney. The
complement C5a is responsible for neutrophil attraction to the sites,
platelet aggregation, and endothelial injury. Altogether these dama-
ging effects may contribute to the worsening of AKI. In the kidney
biopsy studies, platelets adhesion along with fibrin were seen in
peritubular capillaries and venules. TLR4 mRNA expression has been
found on endothelial cells as well as tubular cells of the kidney, ac-
tivation of which by SARS-COV-2 could contribute to tubular ne-
crosis, ischemia, inflammation, and injury.”>>® However, a direct
effect of cytokine storm has shown its effect on renal epithelial cells
along with coagulopathy and hemodynamic changes.*?“¢

Not only these vital organs are susceptible to SARS-COV-2, but
also it has an impact on the metabolism of the host, it may also affect
the gastric system causing diarrhea and vomiting postinfection. It also
affects patients with diabetes mellitus, as it messes with the meta-

bolism of the host, causing glucotoxicity and lipotoxicity.

5 | CYTOKINE STORM IN COVID-19

The cytokine storm refers to the abnormal increment in the level of
pro-inflammatory cytokines following the viral invasion as a result of
the hyperactive immune response. An abnormal high level of IL-6,
IL-1, TNF-a has been observed in intensive care unit (ICU) patients in
comparison to non-ICU patients.>>® The main cytokines involved are
ILs, IFNs, TNF-a, colony-stimulating factor (CSF), chemokine family,
growth factor (GF), and so forth. These cytokines are classified as
pro-inflammatory factors (such as IL-1B, IL-6, IL-12, TNF-a, IFN-y)

and anti-inflammatory factors (such as IL-4, IL-10, IL-13, TGF-B)
based on their functions and their level of production to a
stimulus.>7-74-°¢

A viral infection proceeds with three phases: (1) initiation phase,
(2) resolution phase, (3) restoration phase. In the initiation phase, the
SARS-COV-2 infects the host by the incorporation of ACE2 receptors
present on the epithelial cells of multiple organs like lung, kidney,
pancreas, and so forth. It enters the host and induces acute in-
flammation. Under normal conditions, the natural killer (NK) cells of
innate immunity and T-cell of adaptive immune response have the
tendency to cause the apoptosis of APC and prevent unnecessary
activation.?” Hence a balanced immune regulation is maintained, but
any alterations in the lymphocyte catalytic activity due to the ac-
quired infection in SARS-COV-2 infected patients dysregulate the
immune balance by inactivating the NK cells as well cytotoxic T-cells
to kill the APC, leading to the dysregulated interactions of innate and
adaptive immunity.’* This results in the release of several cytokines
at the site of infection (primarily lungs). The abnormal secretion of
cytokines is termed as “cytokine storm.” In the restoration phase, the
barrier integrity of the lung is restored in other viral infections, unlike
SARS-COV-2, where lung-barrier integrity, as well as vascular per-
meability, is lost due to the cytokine storm, releasing the loads to
cytokine into the systemic circulation. Hence wherever it reaches
from the lung to other organs such as the kidney, heart, pancreas, and
so forth, it may stimulate an exaggerated inflammation and cause
damage to that organ.?”°” Hence, it can be said that the cytokine
storms are a crucial cause of ARDS, systemic inflammatory response,
and multiple organ failure in SARS-COV-2. Based on these con-
sequences, the cytokine storm has been categorized into two stages:
the temporary immune-deficient condition is described as the first
stage, whereas the hyperactive immune state resulting due to the
compensatory mechanism to eliminate the virus, failure of which
spike up the cytokine levels, is considered as the second stage.

The cytokine storm can also be mediated either by ACE2-
mediated inflammatory response, by cell pyroptosis or by the delayed
release of Type | IFNs. Cell pyroptosis is caused due to programmed
cell deaths in SARS-COV-2, which occurs by activation of NLRP3
inflammasomes by viroporin 3, a protein from coronavirus having a
role in IL-1B production.'®>*°8 Delayed release of type-I IFN is due
to the activation of the JAK/STAT pathway initiating the transcrip-
tion of the ISG and driving the production of cytokines like IL-1f,
IL-6, and so forth, which are mainly pro-inflammatory in nature.”’
This IL-1B is highly responsible for the induction of bronchiolar and
alveolar inflammation, whereas both the IL-1B and IL-6 activate the

complement cascade that increases the vascular permeability.”®

5.1 | IL-6: The driving factors for cytokine storm

IL-6 is a pleiotropic molecule that plays an important role in immune
response as a pro-inflammatory molecule. They are produced by al-
most all the immune cells like macrophages, monocytes, T-cells,

B-cells as well as nonimmune cells like fibroblasts and epithelial cells.
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TLR-7 mediated virus evasion into the host induces IL-6 leading to
hyperactive immune response in infected patients. These effects may
have a protective role in other viral infections as evident in some
murine model. However,'® it has been found that IL-6 is the major
cause of hyper-inflammation and death in SARS-COV-1 mice model.
IL-6 shows its anti-inflammatory effects by classical (Cis) signaling
cascades, whereas pro-inflammatory effect is shown by the trans-
signaling pathway, prominent in case of viral infection (Figure 4). Cis
signaling involves gp130 and membrane-bound mIL-6Rs, mainly re-
stricted to immune cells; whereas trans-signaling involves slL-6R
(soluble form of IL-6R). sIL-6R remain soluble in blood and urine and
form a complex with gp130, expressed in both hemopoietic and
nonhemopoietic types of cells. The activation of gp130 by mIL-6R
activates STATS3; nuclear translocation of which results in the trans-

lation of pro-inflammatory genes. Hence activation of cell other than
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the cells that express mIL-6R like endothelial cells would result in an
elevated level of IL-6, which increase the vascular permeability and
hence induces the release of pro-inflammatory cytokine to the sys-
temic circulation contributing to the cytokine storm.’>'® A recent
meta-analysis of nine studies reported an increment in the level of
IL-6 in patients with COVID-19 severity (p = 0.05). Some clinical re-
ports suggested that critically ill patients with SARS-COV-2 have an
abnormal increment in the level of pro-inflammatory cytokines, which
is possibly due to IL-6-driven immune dysregulation or macrophage-
activation-syndrome.*”

IL-6 may predict the disease severity in the patient who does not
show any typical symptoms of COVID-19 or are a poor prognosis of
the disease. Hence it may be used as a biomarker in COVID-19. Some
other biomarkers of this disease are serum amyloid A (SAA),

C-reactive protein (CRP), and procalcitonin (Table 1). Some reports

FIGURE 4 The cis- and trans-signaling
pathway of interleukin (IL)-6: The cis signaling . /r,’,—..\
is mediated by soluble IL-6R, whereas trans- PERAwS \
signaling is mediated by membrane-bound l\ﬁ 7’ 'L SR
IL-6. Trans-signaling proceeds with STAT3
activation, transcription of which would result Macrophage )
in the synthesis and release of cytokines. MCEooye a0 '
both the signaling invol 130 1 Cis-signaling
However, bot e signaling involves gp (anti-inflammatory)
activation gp130
Activation 130
Trans signaling ‘ c ivation
: 2
- STAT3 < IL-12
) . @93
& L- 12
Nuclear Translocation @ @
Pro-inflammatory
cytokines
TABLE 1 Biomarkers associated with cytokine storm in COVID-19
Level in infected
Biomarker Biology patients References
Complete blood count Neutrophil to lymphocyte ratio Hemopoietic marker Increase Ye et al.°
biomarkers
Platelets count (cells/pul) Hemopoietic marker Decrease Malik et al.*?
Metabolic biomarker Aspartate transaminase (AST) Hepatic injury Increase Ponti et al.®*
Alanine transaminase (ALT) Hepatic injury Increase Ponti et al.®*
Creatinine Kidney infection Increase Kermali et al.*”
Cardiac troponin Cardiac injury Increase Kermali et al.*”
Inflammatory biomarker C-reactive protein (CRP) (mg/L) Plasma protein Increase Samprathi & Jayashree®
Procalcitonin (PCT) Proinflammatory peptides Increase Henderson et al.”*
Interleukin-2R (U/ml) Cytokines Increase Kaur et al.*”
IL-6 (pg/ml) Cytokines Increase Chaudhary et al.*®
Serum amyloid A (SAA) (mg/L) Acute-phase protein Increase Kaur et al.*’
Lactate dehydrogenase (LDH) Tissue injury Increase Samprathi & Jayashree®
Others p-dimer (mg/dl) Fibrin degradation product Increase Keddie et al.*®
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have shown a correlation (R=0.902) between serum viral load
(RNAaemia) and the occurrence of cytokine storm, which is directly
related to the level of IL-6. Apart from highly elevated IL-6, a low
count of lymphocytes and thrombocytes may also predict disease
severity in COVID-19.12°

6 | CONCLUSION

Due to the imbalanced and hyper-responsive immune system, a surge
in the cytokines has been seen in patients, leading to the death of the
infected in COVID-19. It has been observed that cytokine surge is
TLR induced, mainly through activation of TLR3, TLR4, TLR7, TLR8
receptors. However, the exact role of TLRs in the induction of cy-
tokine storms has not been confirmed yet. The cytokine storm mi-
grates into the other organ through the systemic circulation. The
inflammation and the organ damage occur due to the TLR mediated
NF-kB, MAPK pathway. Hence blocking these specific TLRs may al-
leviate the chance of SARS-COV-2 infection, there are two TLR
blockers hydroxyquione sulfate (NCT04448756) and M5049°? under
Phase Il and Phase Il of clinical trial, respectively. However, as these
are the key players of innate immunity, these receptors should not be
completely blocked. Targeting TLRs subtypes with the optimized
dose and optimized time period of treatment might be one of the
beneficial therapeutic strategies.

The TLR induced organ damage has also been related to ACE2
polymorphism and its expression across patient gender and age
group. Recently WHO has reported MIS-C in children, hence the
reason behind this exception also needs to be explored.
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